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Abstract The high concentration of molecular oxygen in 
Earth's atmosphere is arguably the most conspicuous and 
geologically important signature of life. Earth's early 
atmosphere lacked oxygen; accumulation began after the 
evolution of oxygenic photosynthesis in cyanobacteria 
around 3.0-2.5 billion years ago (Gya). Concentrations of 
oxygen have since varied, first reaching near-modern 
values ~600 million years ago (Mya). These fluctuations 
have  been  hypothesized  to  constrain  many  biological 

patterns, among them the evolution of body size. Here, we 
review the state of knowledge relating oxygen availability 
to body size. Laboratory studies increasingly illuminate the 
mechanisms by which organisms can adapt physiologically 
to the variation in oxygen availability, but the extent to 
which these findings can be extrapolated to evolutionary 
timescales remains poorly understood. Experiments con- 
firm that animal size is limited by experimental hypoxia, 
but show that plant vegetative growth is enhanced due to 
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reduced photorespiration at lower O2CO2 Field studies of 
size distributions across extant higher taxa and individual 
species in the modern provide qualitative support for a 
correlation between animal and protist size and oxygen 
availability, but few allow prediction of maximum or mean 
size from oxygen concentrations in unstudied regions. 
There is qualitative support for a link between oxygen 
availability and body size from the fossil record of protists 
and animals, but there have been few quantitative analyses 
confirming or refuting this impression. As oxygen transport 
limits the thickness or volume-to-surface area ratio—rather 
than mass or volume—predictions of maximum possible 
size cannot be constructed simply from metabolic rate and 
oxygen availability. Thus, it remains difficult to confirm 
that the largest representatives of fossil or living taxa are 
limited by oxygen transport rather than other factors. 
Despite the challenges of integrating findings from exper- 
iments on model organisms, comparative observations 
across living species, and fossil specimens spanning mil- 
lions to billions of years, numerous tractable avenues of 
research could greatly improve quantitative constraints on 
the role of oxygen in the macroevolutionary history of 
organismal size. 

Keywords    Body size • Oxygen • Evolution • 
Precambrian • Maximum size • Optimum size 

Abbreviations 
PAL      Present atmospheric level (of oxygen) 
Mya      Millions of years ago 
Gya      Billions of years ago 

Introduction 

The interval of geological time from the Cambrian Period to 
the Recent (543-0 Mya) is termed the Phanerozoic (Phan- 
ero—visible; zoic—animals) because the most obvious 
contrast between Phanerozoic and Precambrian rocks is the 
presence of macrofossils. It was not until the 1950s and 
1960s that definitive fossils were described from the Gun- 
flint Chert (Barghoorn and Tyler 1963, 1965; Tyler and 
Barghoorn 1954), a 1.88-billion-year-old shallow-water 
deposit exposed in Minnesota and Ontario on the northern 
shore of Lake Superior (Fralick et al. 2002). Additional 
fossil finds and geochemical data have since extended the 
record of life back another 2 billion years (Allwood et al. 
2006; Mojzsis et al. 1996; Rosing 1999; Schidlowski et al. 
1979; Schopf 1993; Schopf and Packer 1987; Tice and Lowe 
2004). Precambrian fossils can be spectacularly well pre- 
served (cf.  Schopf and Klein  1992) but nearly all are 

microscopic. Larger macroscopic organisms such as clams, 
snails, insects, trees, dinosaurs, elephants, and whales are all 
relative newcomers to our planet. 

Why did it take 2 billion years for macroscopic organ- 
isms to evolve from their microscopic ancestors and 
another billion years for them to exceed a meter in maxi- 
mum dimension? Lack of sufficient oxygen appears to have 
been an important constraint. Earth's atmosphere lacked 
oxygen prior to 2.5 Gya, and near-modern levels were not 
achieved until about 600 million years ago (Mya) (Canfield 
2005; Holland 2006; Sessions et al. 2009), coincident with 
the first appearance of large life forms. For geometrically 
and physiologically simple aerobic organisms, diffusion of 
oxygen into the organism limits the maximum possible size 
(Alexander 1971; Raff and Raff 1970), consistent with the 
observed link between oxygenation of the atmosphere and 
the evolution of larger organisms. 

The evolutionary importance of atmospheric oxygen 
extends far beyond its potential to limit body size; oxygen is 
required for biosynthetic reactions in all eukaryotes; without 
it, complex life on Earth would likely be impossible 
(Berkner and Marshall 1965; Catling et al. 2005; Cloud 
1965, 1968, 1972; Knoll 2003; Nursall 1959). Considerable 
discussion has arisen about the evolutionary importance of 
oxygen in the origin and diversification of early eukaryotes, 
plants, and animals (e.g., Berkner and Marshall 1965; 
Berner et al. 2007; Brown et al. 2004; Calder 1984; Cloud 
1968, 1972; Falkowski et al. 2005; Gilbert 1996; Gillooly 
et al. 2001a, b; Graham et al. 1995; Huey and Ward 2005; 
Knoll 1992, 2003; Knoll and Holland 1995; Lane 2002; 
Lenton 2003; McAlester 1970; Nursall 1959; Peters 1983; 
Raven 1991; Raven et al. 1994; Tappan 1974). 

In this review, we discuss the role of varying oxygen 
levels on the evolution of organism size. Size is of great 
physiological and ecological significance (e.g., Peters 
1983); moreover, it is easily quantified and readily compared 
across distantly related taxa. Oxygen is by no means the only 
factor to influence the evolution of body size and, therefore, 
our review addresses two related questions in sequence. Can 
oxygen constrain the evolution of body size? If so, was it, in 
fact, a primary control on the evolution of body size over 
earth history? We take a synthetic approach by linking 
theory with data from laboratory, field, and fossil studies 
across a wide range spatial, temporal, and taxonomic scales. 
We believe a systematic attempt to integrate these recent 
findings will do as much to spur additional research as it will 
to inform readers of the current state of knowledge. 

History of atmospheric oxygen 

Oxygenic photosynthesis evolved only once in the history 
of life; consequently, all oxygenic photosynthesis today 
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occurs in cyanobacteria and their descendant chloroplasts 
within eukaryotic cells (Blankenship et al. 2007; Fehling 
et al. 2007). Accumulation of oxygen in the atmosphere 
requires production by photosynthesis in excess of con- 
sumption through aerobic respiration and the oxidation of 
other reduced chemical species such as sulfide or ferrous 
iron. Sequestration of reduced (organic) carbon through 
burial in rocks is the primary mechanism by which organic 
carbon is protected from re-oxidation. Oxygen will accu- 
mulates in the atmosphere as long as its production exceeds 
consumption by reaction with reduced gases from volca- 
noes or existing pools of reduced chemical species in the 
crust and atmosphere (Holland 2009; Kump and Barley 
2007). 

Atmospheric oxygen levels have increased in two major 
steps through Earth history, but have also varied consider- 
ably between these major steps. Atmospheric oxygen was 
less than 0.001% of present atmospheric level (PAL) prior to 
2.4 billion years ago (Gya; reviewed by Sessions et al. 2009; 
Fig. la). Between 2.4 Gya and 800 Mya, oxygen concen- 
trations increased to levels between 1 and 18% of PAL 
(reviewed by Canheld 2005), with a possible excursion back 

to even lower values ~2.0 Gya (Frei et al. 2009). Near- 
modern p02 first achieved ~ 600 Mya, late in the Neopro- 
terozoic Era (Berner et al. 2003; Canfield et al. 2007; Fike 
et al. 2006). Figure 2 illustrates the considerable variation in 
atmospheric oxygen levels through Phanerozoic time, which 
peaked near 150% PAL (31% of the atmosphere) late in 
Carboniferous time and dropped as low as 60% PAL (12% of 
the atmosphere) early in the Jurassic (Fig. 2; Belcher and 
McElwain 2008; Bergman et al. 2004; Berner 2004, 2006; 
Falkowski et al. 2005). 

Oxygen concentrations in the oceans can be partially 
decoupled from atmospheric values by oceanographic 
processes, such as the high rates of aerobic respiration at 
depths of a few hundred meters or shifts in global climate 
and associated large-scale patterns of ocean circulation. 
These processes have occasionally produced widespread 
marine anoxia during Phanerozoic time (Schlanger and 
Jenkyns 1976), which may have contributed to episodes of 
mass extinctions of marine animals (Hallam and Wignall 
1997; McAlester 1970). 

Several recent reviews provide detailed discussion of the 
geochemical controls on oxygen accumulation and proxy 

Fig. 1  Atmospheric oxygen 
levels and maximum organismal 
sizes through geological time. 
a Likely history of atmospheric 
oxygen levels, modified from 
Kump (2008) and Lyons and 
Reinhard (2009). Dashed lines 
with arrows indicate upper and 
lower bounds based on proxy 
constraints. Smooth gray line 
indicates a best estimate of the 
history of pO^. b Sizes of the 
largest known fossils through 
geological time, modified from 
Payne et al. (2009). Red 
triangles represent prokaryotes. 
Yellow circles represent protists. 
Blue squares represent animals. 
Green diamonds represent 
vascular plants. The gray square 
represents Dickinsonia, a 
taxonomically problematic 
Ediacaran organism. The gray 
triangle represents an unnamed 
Archaean acritarch for which 
prokaryotic versus eukaryotic 
affinities remain uncertain (see 
Javaux et al. 2010) 
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Fig. 2 Phanerozoic history of atmospheric oxygen concentrations, 
with intervals discussed in the text identified. Modified from Berner 
(2006). Black line represents preferred model results. Gray lines 
represent upper and lower bounds determined through sensitivity 
analysis 

constraints on secular variation in pO% (Berner 2004; 
Berner et al. 2003; Canfield 2005; Holland 2006; Sessions 
et al. 2009). 

Theoretical connections between oxygen and size 

Oxygen availability can limit organism size because the 
rate of uptake is governed by surface area available for 
diffusion whereas demand is governed by mass (Bonner 
1988). Surface area scales with the second power of length 
whereas mass scales with the third power; thus, demand 
increases with size more quickly than supply and for any 
given shape there will be a critical size above which oxy- 
gen supply cannot match demand. Derivations for the 
calculation of maximum size have been presented else- 
where (Alexander 1971; Raff and Raff 1970; Runnegar 
1982); below we discuss the resulting equations to illus- 
trate general principles. 

For a heterotrophic organism that acquires oxygen 
purely via diffusion, its maximum thickness is limited by 
oxygen supply. Assuming the entire volume of the organ- 
ism consists of tissue with uniform metabolic rate and that 
the outer surface is not penetrated by air channels of any 
kind, internal oxygen concentration will drop to zero at 
some distance from the organism's surface and thereby 
prevent further size increase. As detailed by Alexander 
(1971), the maximum thickness (rmax) is proportional to the 
square root of the environmental oxygen level. Supply is 
governed by oxygen permeability within the organism 
(&) and the difference between the external oxygen con- 
centration (pe) and the minimum viable internal oxygen 
concentration (pmin). Oxygen consumption is governed by 
the mass-specific metabolic rate (m). 

Figure 3 illustrates maximum tissue thickness as a 
function of respiration rate and external pO^. At respiration 
and diffusion rates observed in extant organisms, thicknesses 
>1 mm is impossible for cylindrical organisms at oxygen 
concentrations <10% PAL, and even modern oxygen levels 
(100% PAL) cannot support thicknesses greater than a few 
mm (Fig. 3). Penetration of the body by air canals, such as the 
tracheoles in insects or the aerenchyma in plants, increases 
surface area and reduces distance of internal tissue from 
oxygen, thereby allowing organisms to achieve larger sizes. 
Diffusion-related constraints have been hypothesized to limit 
observed maximum size in numerous invertebrate animal 
phyla (Brusca and Brusca 2003). 

There are two strategies for achieving sizes larger than 
the bounds set by diffusion. First, an organism may be 
filled with metabolically inert material, keeping metaboli- 
cally active cells within the diffusion-imposed maximum 
radius. Second, an organism may develop an internal 
transport system to move oxygen and other metabolically 
important materials from the site of acquisition (or pro- 
duction) to the sites where they are used. Large size in 
vascular plants and some animals (e.g., jellyfish) is 
achieved primarily via the former strategy, whereas large 
size in bilaterian animals such as vertebrates, mollusks, and 

100 

0.01 
0.001 

Oxygen consumption (cm3/cm3 tissue/hr) 

Fig. 3 Maximum allowable tissue thickness as a function of oxygen 
consumption rate for a cylindrical organism. The thickness of a sheet- 
like organism would be half that of a cylindrical organism at any 
given oxygen concentration. A spherical organism could reach sizes 
50% larger than a cylindrical organism at equivalent pO^ and oxygen 
consumption rate. Dashed lines represent values for organisms 
dependent upon diffusion. Solid lines represent values for organisms 
with internal circulatory systems. Typical rates of oxygen consump- 
tion in living animals are near 0.1 cm /cm tissue/h (Alexander 1971). 
The calculations presented here assume an oxygen permeability in 
muscle tissue of 2.4 x 10~ cm /atm/h (6.7 x 10~ cm /atm/s) 
(Dutta and Popel 1995) and a distance of 0.003 cm between the 
outer surface of the organism and its circulatory system (following 
Alexander 1971) 
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arthropods is achieved primarily by the latter. There is no 
obvious oxygen-imposed limitation on total mass or vol- 
ume for organisms filled with metabolically inert material, 
but the thickness of metabolically active tissue remains 
limited by diffusion. 

Size in organisms with internal circulation is limited by 
the ratio of the metabolically active volume to the surface 
area available for gas exchange. For a geometrically simple 
(e.g., spherical or cylindrical) organism with a smooth 
external wall, one can still conceive of this as a limitation 
on maximum radius (Alexander 1971). In other words, one 
can calculate the maximum size of a spherical organism 
with internal circulation as a function of p02. For an 
organism with internal circulation, the maximum radius (or 
volume to surface area ratio) (Rmax) is proportional to 
oxygen permeability though the surface of the organism 
(k), the difference between external and internal oxygen 
concentrations (pe - p^), and inversely proportional to the 
specific metabolic rate (m) and the thickness of the mem- 
brane and boundary layer across which oxygen must dif- 
fuse to enter the organism (d). 

flmax oc k(pe -pi)/(md). (2) 

At modern oxygen levels, active circulation alone can 
increase the maximum radius of a cylindrical organism 
from 1.5 mm to 3.5 cm, assuming a typical metabolic rate 
near 1 cm3 02/cm3 tissue/h (Fig. 3). Additional size 
increase requires respiratory organs to increase the 
effective surface area for gas exchange, explaining the 
prevalence of lungs, gills, or tracheae in large animals. 

It is exceedingly difficult in practice to calculate a 
maximum size for organisms with complex respiratory 
organs because surface area for gas exchange is difficult to 
determine and allometric scaling of the respiratory system 
can free organisms from the simple area:vohime scaling 
relationships that exist when shape is conserved. In mam- 
mals, for example, lung capacity scales approximately 
linearly with body mass (Stahl 1967); consequently, there 
is no decrease in the ability of the lung to supply oxygen at 
larger size. 

Oxygenic photoautotrophs present additional difficulties 
for deriving a theoretical maximum tissue thickness. First, 
oxygen is produced within the organism during photosyn- 
thesis and so internal oxygen concentrations commonly 
exceed environmental values. C4 plant cells can contain 
more than twice atmospheric p02 (Raven 1991). Second, 
02 competes with C02 for RUBISCO (ribulose-l,5-bis- 
phosphate carboxylase oxygenase), the enzyme responsible 
for C02 binding during photosynthesis. Consequently, high 
environmental 02:C02 tends to inhibit growth (Quebe- 
deaux and Hardy 1975; Raven 1991). 

Mass-specific metabolic rate scales allometrically with 
body mass at a power less than one (e.g., Peters 1983; 

Schmidt-Nielsen 1984), suggesting that respiratory and 
circulatory systems do not entirely compensate for 
increased metabolic demand with size and that any satis- 
factory prediction of maximum possible size must incor- 
porate allometric scaling of metabolic rate. The precise 
mechanism by which this allometric scaling occurs is 
controversial, in part because the value of the scaling 
exponent is subject of ongoing debate. Simple isometric 
scaling would yield an exponent of 0.66 following the 
relationship between surface area and volume. Exponents 
greater than 0.66 have commonly been observed in com- 
parisons across diverse groups of animals (Brown 1995; 
Kleiber 1932; Mori et al. 2010; Peters 1983; Savage et al. 
2004; Schmidt-Nielsen 1984), leading to alternative pro- 
posals and vigorous debate regarding the variables con- 
trolling allometric scaling (Brown et al. 2005; Darveau 
et al. 2002; Dodds et al. 2001; Kozlowski and Konarzewski 
2005; Makarieva et al. 2008; Mori et al. 2010; West et al. 
1997). Moreover, the allometric scaling exponent appears 
to decrease with size and structural grade (DeLong et al. 
2010; Johnson et al. 2009; Mori et al. 2010), although 
arguments for increase with size have also been advanced 
(Makarieva et al. 2003). 

Allometric scaling of metabolic rate clearly follows an 
exponent <1 for macroscopic organisms and so, in prin- 
ciple, maximum size could be limited by a minimum viable 
mass-specific metabolic rate. Once this rate is reached, size 
increase should cease or the scaling of metabolic rate with 
mass should become linear. Makarieva et al. (2003) sug- 
gest that large mammals approach or exceed the mass at 
which this critical rate is achieved, but do not demonstrate 
statistically that a piecewise linear regression is a better fit 
to their data set than a single regression line. Given the 
small number of very large taxa in their data set, it appears 
unlikely that a null hypothesis of allometric scaling at an 
exponent less than 1.00 across the entire data set can be 
rejected. Consequently, it remains unclear if the maximum 
size of animals is limited by oxygen acquisition and 
transport, or if other factors are more important. No method 
exists for calculating an oxygen-imposed upper limit on 
size because such calculations pertain to thickness or the 
volume:area ratio rather than mass per se. 

Anaerobic organisms are more constrained than their 
aerobic counterparts due to the lesser energy yield of 
anaerobic metabolism, which may explain the absence of 
any living or fossil macroscopic anaerobes. Gilbert (1960, 
1996) and several subsequent authors (Catling et al. 2005; 
Koch and Britton 2008; Thannickal 2009) have pointed out 
that oxygen is the optimal electron acceptor for respiration. 
Oxygen yields more energy per electron transfer than any 
other element available in appreciable concentrations, is 
sufficiently stable to build up to appreciable concentrations 
in Earth's atmosphere (unlike the more reactive halogens 
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such as fluorine, chlorine, and bromine), and is abundant in 
a biologically available form—liquid water. Catling et al. 
(2005) argue that alternative metabolic pathways are likely 
too inefficient to permit the growth of large organisms. 
They focus on differences in growth efficiency; for ani- 
mals, values are near 50%, whereas anaerobic organisms 
never achieve more than 20% (Catling et al. 2005). The 
inefficiency of energy transfer up the food chain would 
limit the abundance of larger organisms, which tend to be 
at higher trophic levels. Considering Eq. 1, however, we 
suggest that the transport of electron acceptors into the 
body can also present a severe limitation. As with aerobic 
organisms, the maximum possible thickness for anaerobic 
organisms is limited by availability of the electron accep- 
tor, metabolic rate, and geometry. The lower energy yield 
of anaerobic reactions means that when compared with a 
similar-sized aerobic organism, an anaerobic organism 
would require a higher concentration of the electron 
acceptor, exhibit a much lower metabolic rate, or have a 
lower volumerarea ratio. If the Precambrian oceans lacked 
any suitably abundant electron acceptor, and if all life is 
limited by some minimum viable metabolic rate, then the 
failure of large organisms to evolve prior to the rise in 
oxygen may reflect this fundamental energetic limitation. 

The theoretical results presented above demonstrate that 
oxygen can limit body size; they do not demonstrate that it 
does (or did) limit body size. The structural complexity of 
large organisms and the fact that oxygen availability limits 
thickness rather than mass make it difficult to predict an 
oxygen-limited maximum size for fungi, plants, or animals. 
Moreover, selection on body size in any given species 
reflects numerous trade-offs between advantages and dis- 
advantages of size increase or decrease (Brown 1995; Brown 
et al. 1993, 2004; Calder 1984; Peters 1983; Schmidt- 
Nielsen 1984; Sebens 2002). Below we address the empirical 
question of whether oxygen does in fact impose a limit on 
size within or among living species and whether historical 
variation in atmospheric oxygen concentrations has signifi- 
cantly influenced macroevolutionary trends in body size. 

Experiments on oxygen and size 

Hypoxia and hyperoxia each affect growth and develop- 
ment of algae, plants, and animals in laboratory settings. 
The vast majority of studies have focused on animals. The 
few whole-organism experiments on plants have used 
agriculturally important taxa such as wheat, corn, soy- 
beans, and lettuce. 

In animals, size decrease is nearly universal under 
hypoxia, occurring in fruit flies, snakes, fish, rats, and even 
human populations (Table 1) whereas hyperoxia is asso- 
ciated with increased final  size  and  growth rate  in a 

minority of studies (Table 1). The most pronounced 
acceleration of growth under experimental hyperoxia 
occurred in the domestic chicken (Metcalfe et al. 1981; 
Stock et al. 1983), a species which has been bred specifi- 
cally for rapid growth. In studies finding size effects 
associated with both hypoxia and hyperoxia, the magnitude 
of change in body size under hyperoxia has been much less 
than that observed under hypoxia (Frazier et al. 2001; 
Owerkowicz et al. 2009). Several other studies have found 
size decrease under hypoxia but no increase under hyper- 
oxia (Andrews 2002; Greenberg and Ar 1996; Herman and 
Ingermann 1996; Klok et al. 2009). 

Multi-generation studies point toward differences in the 
mechanisms of size change in response to hypoxia versus 
hyperoxia. Klok et al. (2009) reared individual flies under a 
variety of oxygen levels, finding size reduction under 
hypoxia but no change in size under hyperoxia. However, 
exposing multiple generations of a population to hyperoxia 
produced size increase that was maintained even after return 
to normal oxygen, suggesting an evolutionary response 
favoring larger size under hyperoxia. In contrast, lineages 
exposed to hypoxia returned to pre-exposure sizes after one 
or two generations reared under normal atmospheric levels. 
These findings suggest size reduction under hypoxia resulted 
entirely from developmental plasticity whereas size increase 
under hyperoxia was evolutionary (Klok et al. 2009). 
Experimental selection for large size yielded similar results. 
Lineages raised under normoxia and hyperoxia exhibited 
heritable size increase, whereas lineages raised under 
hypoxia did not exhibit larger size until subsequent gener- 
ations were reared under normoxia (Klok and Harrison 
2009). Thus, not only are the effects of hypoxia versus 
hyperoxia asymmetric, but also the mechanisms underlying 
size responses differ as well. 

Performance studies have also been used to assess the 
extent to which oxygen supply limits size evolution. One 
potential consequence of size limitation by oxygen is a 
higher critical oxygen level (the value below which the 
organism cannot function indefinitely) at large body size or 
a smaller safety margin between resting and maximum 
metabolic rate. There is little experimental evidence for 
such an effect. Critical oxygen level does not scale with 
size across species of grasshoppers (Greenlee et al. 2007) 
or during development in grasshoppers and caterpillars 
(Greenlee and Harrison 2004, 2005). In fact, the metabolic 
safety margin increases with size in the grasshopper 
Schistocerca americana (Greenlee and Harrison 2004). 
Decrease in endurance during aerobic exercise with size in 
grasshoppers appears to reflect an increase in mass-specific 
metabolic rate with size rather than a decrease in the 
absolute capacity of the organism to supply its muscles 
with oxygen (Kirkton et al. 2005). Performance reduction 
in   pycnogonids   (sea   spiders)   under   hypoxia   is   not 

4Q Springer 



Photosynth Res 

Table 1  Results from studies of growth under hypoxic or hyperoxic conditions 

Taxon                                               Hypoxia                         Response     Hyperoxia Response Reference 

Alligator mississippiensis 
(American alligator) 

Ambystoma maculatum 
(spotted salamander) 

Anarhichas minor 
(spotted wolffish) 

Cavia porcellus 
(guinea pig) 

Colinus virginianus 
(Northern bobwhite quail) 

Drosophila melanogaster 
(fruit fly) 

10% 

12% 

15% 

17% 

3-14% 

13% 

7.5% 

10% 

15% 

Decrease 

Decrease 

None 

Decrease 

None 

Increase 

Decrease 

Decrease 

Decrease 

30% 

14.5 mg/1 
(9.6 mg/ 
1 = norm) 

60% 

No embryonic effect; 
faster growth after 
hatching 

None 

None 

40% Increase (minor) 

40% None 

Gallus gallus 
(domestic chicken) 

3100 m 

3800 m 

15% 

15% 

15% 

13% 

Decrease 

Decrease 

Decrease 

Decrease 

Decrease 

Decrease 

40% 

60% 

70% 

Increase 

Increase 

Increase 

Homo sapiens (humans) Sea level to 4500 m 

400-3600 m 

2500-4500 m 

4000-5500 m 

Decrease 

Decrease 

Decrease 

Decrease 

Mesocricetus auratus (hamster) 10% Decrease 

Mus musculus (mouse) 11% Decrease 

Oncorhynchus kisutch 
(Coho Salmon) 

2.37 mg/L Decrease 

Oncorhynchus mykiss (trout) 10% Decrease 

38% Increase 

Pseudemys nelsoni 
(Florida red-bellied turtle) 

10% Decrease 

Rattus rattus (Rat) 10% 

10% 

12.5% 

15% 

Decrease 

Decrease 

Decrease 

Decrease 

Crossley and Altimiras (2005) 

Owerkowicz et al. (2009) 

Crossley and Altimiras (2005) 

Stephen et al. (1995) 

Owerkowicz et al. (2009) 

Mills and Barnhart (1999) 

Foss et al. (2003) 

Hsia et al. (2005) 

Williams and Swift (1988) 

Peck and Maddrell (2005) 

Frazier et al. (2001), 
Klok et al. (2009), 
Peck and Maddrell (2005) 

Peck and Maddrell (2005) 

Frazier et al. (2001) 

Klok et al. (2009) 

Wangensteen et al. (1974) 

Wangensteen et al. (1974) 

Dzialowski et al. (2002) 

Chan and Burggren (2005) 

Tintu et al. (2007) 

Giussani et al. (2007) 

Stock et al. (1983) 

Metcalfe et al. (1981) 

Stock et al. (1983) 

Mortola et al. (2000) 

Zamudio et al. (2007) 

Julian et al. (2007) 

Frisancho and Baker (1970) 

Frappell and Mortola (1994) 

Fan et al. (2005) 

Sundt-Hansen et al. (2007) 

Dabrowski et al. (2004) 

Dabrowski et al. (2004) 

Kam (1993) 

Mortola et al. (1990) 

Frappell and Mortola (1994) 

Cunningham et al. (1974) 

Mortola et al. (1990) 
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Table 1 continued 

Taxon Hypoxia Response     Hyperoxia        Response Reference 

Sceloporus undulates 
(Eastern fence lizard) 

Schistocerca americana 
(grasshopper) 

Tenebrio molitor 
(mealworm beetle) 

Thamnophis elegans 
(garter snake) 

5% 

10% 

10% 

10.5% 

15% 

5% 

Decrease 

None 

None 

Decrease 

None 

None 

Decrease 

32% 

40% 

None 

None 

40% 

100% 

None 

None (small, not 
significant increase) 

Andrews (2002) 

Andrews (2002) 

Harrison et al. (2006) 

Harrison et al. (2006) 

Harrison et al. (2006) 

Greenberg and Ar (1996) 

London (1988) 

London (1988) 

Greenberg and Ar (1996) 

Herman and Ingermann (1996) 

Herman and Ingermann (1996) 

correlated with size (Woods et al. 2009). Critical oxygen 
levels were unaffected by multi-generational rearing of 
Drosophila melanogaster under hypoxia and hyperoxia 
(Klok et al. 2010). These findings have been interpreted by 
some (e.g., Woods et al. 2009) to indicate that maximum 
size in the studied clades is not oxygen-limited. However, 
it is also possible that the findings simply reflect the fact 
that the need for metabolic scope is unrelated to size in 
these organisms. Species cannot evolve to sizes where 
resting metabolism is oxygen-limited because of the 
behavioral constraints such a size would impose, and small 
species may have no need for greater scope than larger 
species. Therefore, these findings should be interpreted 
cautiously with respect to constraints on size evolution. 

The limited response of organism size to experimental 
hyperoxia could indicate that little evolutionary response 
would occur during intervals of elevated pOz, but these 
observations are perhaps better interpreted to reflect asym- 
metry in nature. Many animals encounter hypoxia during 
growth and development, in an egg, in utero, or within 
microenvironments such as decaying organic matter and 
burrows. In contrast, there are few natural settings under 
which animals encounter hyperoxia, as noted by Harrison 
(2010) with respect to D. melanogaster. Consequently, 
there is likely little selective advantage associated with 
developmental plasticity that can take advantage of elevated 
pOg. The rarity of natural hyperoxic environments can 
explain why hemoglobin in the American alligator becomes 
saturated with oxygen under present-day oxygen levels 
(Busk et al. 2000), limiting the benefits of hyperoxia, and the 
observation that flight performance in several insects 
appears to be generally unaffected by experimental hyper- 
oxia (Harrison 2010). 

Growth response to experimental hypoxia is more com- 
plex in plants and algae than in animals. Vegetative growth 
generally increases under hypoxia as severe as 25% PAL in 
plants without carbon-concentrating mechanisms (i.e., C3 
plants) such as soybeans (Glycine max), liverworts 
(Marchantia polymorpha), and the scarlet monkeyflower 
(Mimulus cardinalis) (Bjorkman et al. 1969, 1968; Quebe- 
deaux and Hardy 1973, 1975), although lettuce (Lactuca 

sativa) exhibited reduced growth at 25% PAL (He et al. 
2007). In contrast to the increase in vegetative growth, seed 
growth decreased under hypoxia in soybeans, reaching zero 
in soybeans at 24% PAL (Quebedeaux and Hardy 1973, 
1975). Plants with carbon concentrating mechanisms (i.e., 
C4 and CAM plants), such as sorghum wheat (Sorghum 
bicolor) and corn (Zea mays), did not exhibit increased 
vegetative growth under experimental hypoxia covering the 
above-ground portion of the plant (Bjorkman et al. 1969; 
Quebedeaux and Hardy 1973, 1975). Musgrave and Strain 
(1988) were the first to conduct whole-plant growth exper- 
iments under hypoxia, using two strains of Triticum aestivum 

(wheat). They observed increased vegetative growth under 
hypoxia and under high CO2 (1000 ppm). Quebedeaux and 
Hardy observed a decline in wheat seed production under 
hypoxia (1973), whereas Guo et al. (2008) observed slightly 
increased yield at 50 and 25% PAL, with yield declining to 
near zero at 12% PAL. Thus, although experimental results 
are somewhat mixed, hypoxia generally tends to increase 
vegetative growth for C3 plants but not for C4 plants, con- 
sistent with differences in mechanisms for CO2 acquisition 
and O2 release (Raven 1991). As hypoxia negatively impacts 
seed production, it is difficult to extrapolate these findings to 
expected differences in fitness and resulting trends in size 
over multiple-generation timescales. 
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Hyperoxia inhibited growth in all studies of plants, algae, 
and cyanobacteria. Torzillo et al. (1998) observed decreased 
biomass production under hyperoxia in the cyanobacterium 
Spirulina plantensis. Pruder and Bolton (1980) observed a 
reduction in total carbon content (though not cell number) at 
high pO% in the estuarine diatom Thalassiosira pseudonana 
clone 3H. McMinn et al. (2005) observed decreased growth 
in the diatoms Fragilariopsis cylindrus, F. curta, Pseudo- 
nitzschia sp., Porosira glacialis, Endomoneis kjellmannii, 
and Nitzschia frigida under hyperoxia. Quebedeuax and 
Hardy (1975) observed decreases in both vegetative and 
reproductive growth in soybeans and wheat under hyperoxia 
(190% PAL). No experiments have reported cell size 
directly, although Pruder and Bolton's (1980) results appear 
to require a decrease in mean cell size. 

The effects of oxygen on size in oxygenic photoauto- 
trophs suggest photorespiration exerts a greater negative 
effect on growth than any beneficial effects from greater 
oxygen availability. Vegetative growth appears not to be 
inhibited by hypoxia at oxygen levels above 25% PAL, 
although reproduction may be optimized by higher pC>2 or 
higher pCC>2. The extent to which decreased seed produc- 
tion under hypoxia could be modified by selection during 
long-term hypoxia is currently unknown. Experimental 
coverage is limited primarily to clades that radiated during 
the Mesozoic (e.g., angiosperms and diatoms), but these 
findings suggest that Phanerozoic oxygen levels have been 
consistently above the minimum level required for vege- 
tative growth. In contrast to findings for animals, experi- 
mental results suggest high pO^ and low (i.e., near-modern) 
pCC>2 during the Carboniferous and Permian periods may 
have negatively impacted growth rates in plants. 

Comparative biological perspectives on oxygen 
and body size 

Additional insights into the effect of oxygen on maximum 
size in higher taxa arise from comparative studies across 
living species. Biological variation across environmental 
gradients in the modern world can serve as a useful analog 
for the temporal variation in the same parameters. As is the 
case for experimental studies, most comparative studies 
have focused on animals and a minority on marine protists. 

The influence of oxygen availability on the structure of 
marine communities has been investigated most thoroughly 
in studies of the oceans' oxygen minimum zones (OMZs) 
(Levin 2003; Rhoads and Morse 1971), regions at depths of 
a few hundred meters where respiration of sinking organic 
matter exceeds oxygen supply through physical mixing. 
These zones contain oxygen concentrations below atmo- 
spheric equilibrium and are locally completely anoxic. 
These studies have often been conducted with an eye 

toward reconstructing oxygen gradients using fossil data 
(e.g., Rhoads and Morse 1971). Levin (2003) argued that 
change in size structure is the most pervasive response of 
marine benthic invertebrate communities to the reduced 
oxygen availability in the OMZ. Megafauna such as echi- 
noids, large gastropods, asteroids, holothurians, and deca- 
pods are reported from OMZs down to concentrations less 
than 0.25 ml/1 (McClain and Barry 2010), but are typically 
absent from the most oxygen-starved settings (<0.1 ml/1), 
which tend to be dominated by protists and invertebrate 
animals of ca. 0.1-1.0 mm. 

Extremely low oxygen levels exclude macrofauna in the 
oceans, but patterns of size variation with oxygen within 
species and higher taxa is more complex. For example, 
Gooday et al. (2000) observed smaller mean (but not 
maximum) size when comparing foraminiferan communi- 
ties from the OMZ and to those from deep water in the 
Arabian Sea off of Oman. Perez-Cruz and Machain- 
Castillo (1990) observed reduction in average size from the 
shelf to the OMZ in the common species Hanzawaia niti- 
dula and Bolivina seminuda in the Gulf of Tehuantepec, 
Mexico. However, Phleger and Soutar (1973) speculated 
that small size may reflect an adaptive strategy to high food 
availability rather than low oxygen, a prediction consistent 
with life-history modeling by Hallock (1985). 

Interestingly, there are also cases of increased size with 
lower oxygen (Levin et al. 1994), perhaps due to the 
greater food availability in OMZs (Levin 2003). A similar 
inverse correlation between the availability of food and 
oxygen occurs in many deep sea environments (McClain 
et al. 2005, 2006; Rex et al. 2006). There have been few 
studies explicitly assessing the relationship between oxy- 
gen availability and size that have controlled for the effects 
of food availability, the presence of competitor species and 
other potential confounders. McClain and Rex (2001) did 
find a significant relationship between oxygen concentra- 
tions and intra- and inter-specific size even after controlling 
for depth (as a proxy for food) in non-OMZ deep sea 
systems. Differentiating the effects of food and oxygen on 
size is challenging because oxygen and food availability 
are rarely decoupled in the modern ocean, as oxygen 
minima exist when and where the supply of food exceeds 
the supply of oxygen required to respire the organic carbon 
aerobically (Levin 2003). 

There are few hard data concerning the relationship 
between size and oxygen availability for large, photosyn- 
thetic marine protists, such as brown algae. A recent study 
of kelp suggests that they depend primarily upon high 
nutrient levels within the photic zone. Consequently, they 
occur where nutrient-enriched (and oxygen-depleted) 
waters from below the mixed layer impinge upon hard 
substrates within the photic zone (Graham et al. 2007). 
Based upon experimental findings for plants and algae, 
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giant kelp may if anything benefit from lower oxygen levels 
in nutrient-rich deeper waters. These findings are consistent 
with evidence that size evolution of diatoms, planktonic 
foraminifers, and dinoflagellates through Cenozoic time has 
been controlled primarily by nutrient availability in surface 
waters (Finkel et al. 2005, 2007; Schmidt et al. 2004). 

Size dines also occur over other oxygen gradients. 
Chapelle and Peck (1999, 2004; Peck and Chapelle 2003) 
have compiled size distributions for amphipod crustaceans 
across water bodies varying in salinity, temperature, and 
dissolved oxygen concentration. The upper 95th percentile 
of size among species is highly correlated with water 
oxygen content across a wide range of marine basins and 
large lakes (Chapelle and Peck 1999; Peck and Chapelle 
2003). As the rate of oxygen uptake depends on partial 
pressure (which is constant at sea level) and solubility 
(which varies with temperature and salinity), the larger 
maximum size of freshwater amphipods relative to marine 
environments of similar temperature results from the 
greater solubility of oxygen at lower salinity (Peck and 
Chapelle 2003). The consistency of the relationship 
between maximum size and oxygen concentrations across 
both marine and fresh water environments and across ele- 
vation strongly supports the hypothesis that oxygen limits 
maximum size in amphipods. Chapelle and Peck (2004) 
further found that oxygen availability is not only associated 
with maximum size; in fact, it is positively associated with 
every size quantile, with the slope of the relationship 
becoming steeper for the higher size quantiles. The linear 
relationship between oxygen concentration and body 
length suggests that respiration in these amphipods is aided 
by circulation and/or allometric scaling of gill size, rather 
than occurring simply via diffusion. Jacobsen et al. (2003) 
examined the effects of oxygen availability on the macr- 
oinvertebrate fauna of freshwater streams along an eleva- 
tion gradient in Ecuador, spanning more than 3 km in 
elevation. They found a slightly higher proportion of large- 
bodied families in the low-elevation streams, but the dif- 
ference in mean size between high- and low-elevation was 
not statistically significant. As discussed with respect to the 
OMZ, however, there remains the potential that size vari- 
ation with elevation is controlled, at least in part, by other 
correlates of elevation. 

Cross-species comparisons also hold promise for 
understanding structural and physiological constraints on 
the evolution of body size. The best example of this 
approach is a recent study by Kaiser et al. (2007), in which 
they characterized the relationship between tracheal vol- 
ume and body size in beetles and used this scaling to 
estimate the maximum size physiologically possible. They 
used synchrotron radiation to image tracheae in situ, find- 
ing an allometric scaling exponent of 1.29. Their results 
suggest a maximum length for beetles of 32 cm, twice the 

observed maximum. However, they note that oxygen enters 
the beetle body at the thorax and must pass through local 
constrictions to reach the head and limbs of the organism. 
Their scaling relationship suggests tracheae would occupy 
90% of the leg joint orifice at a length of 16 cm, preventing 
any further growth by limiting the space available for 
connective tissue and hemolymph. This predicted value is 
similar to the size of the largest living beetle (Titanus 
giganteus), suggesting it is not the overall scaling of tra- 
cheal volume to body volume that limits beetle size, but 
rather the scaling of particular anatomical features (Kaiser 
et al. 2007). As insects exhibit developmental plasticity 
such that tracheal volume is reduced when individuals are 
reared under high oxygen conditions (cf. Henry and Har- 
rison 2004), increased atmospheric oxygen levels could 
permit larger beetles than currently exist. The study by 
Kaiser et al. (2007) provides good evidence for a particular 
morphological bottleneck that currently serves to limit 
maximum size in a diverse group of animals (Lighton 
2007). Such bottlenecks may be widespread, but they have 
yet to be identified in other clades. 

Historical correlation between oxygen and size 

The simple fact that both atmospheric oxygen and life's 
maximum size have increased through geological time does 
not prove a causal relationship. For example, secular 
increase in life's maximum size could simply reflect 
expansion away from a small initial size (Gould 1988, 1996; 
McShea 1994; Stanley 1973); indeed, one would expect this 
to be the case in the absence of any ecological or environ- 
mental selective pressures. Improved documentation of size 
trends and of Earth's atmospheric oxygen history has 
recently enabled more detailed examination of the covaria- 
tion between body size evolution and changing atmospheric 
composition. Many observations in the fossil record appear 
to reflect a strong influence of oxygen availability on size 
evolution, but considerable complexity remains. 

Bonner (1965) was the first to report the sizes of the 
largest organisms through the entire geological record, 
updating this record in subsequent publications (Bonner 
1988, 2006). He illustrated a smooth trend in maximum 
size from the Archean to the Recent. Interpretation of the 
rate of change implied by his graph is complicated by his 
use of a logarithmic time axis, but the smooth trend line 
implies that if maximum size was tightly controlled by 
oxygen availability, then oxygenation of the atmosphere 
must have been gradual. Over time, the pattern of size 
evolution implied by Bonner's illustration came to stand in 
contrast to geochemical evidence for stepwise oxygenation 
of Earth's surface environments derived from a wide range 
of proxies (Fig. 1). 
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Payne et al. (2009) recently revisited the evolution of 
size over time, finding a stepwise pattern of increase in 
life's maximum size coinciding approximately with the 
inferred steps in atmospheric pO%. The first size step 
occurred early in the Proterozoic and the second in the late 
Neoproterozoic and early Paleozoic (Fig. lb). The magni- 
tude of the initial size jump may have been smaller than 
reported by Payne et al. (2009). Javaux et al. (2010) dis- 
covered Paleoarchaean (~3.2 Gya) acritarchs (organic- 
walled microfossils of uncertain taxonomic affinity) with 
diameters up to 300 urn (Fig. lb). It remains uncertain 
even whether these microfossils derive from prokaryotic or 
eukaryotic organisms. Similarly large microfossils are 
currently unknown from younger Archaean rocks, but this 
finding highlights the extent of current uncertainty in the 
size distribution and evolution of early life. Interestingly, 
the first major size jump appears to post-date the initial rise 
in oxygen (~2.35 Gya) by 350-700 Mya. However, per- 
manent oxygenation of the atmosphere may not have 
occurred until less than 2.0 Gya (Frei et al. 2009). 

The duration of the lag between oxygenation and size 
increase is uncertain not only because the timing of per- 
manent oxygenation remains uncertain, but also because 
taxonomic interpretation of the early fossil record of 
eukaryotes remains challenging. Sterane molecules in 
2.7 Gya rocks from Western Australia have been inter- 
preted as the earliest fossil signature of eukaryotic cells 
(Brocks et al. 1999), but more recent work suggests these 
molecular fossils may not be indigenous to the sediments 
that contain them. Instead, they appear to result from post- 
burial contamination by much younger overlying strata 
(Rasmussen et al. 2008). The oldest putative eukaryotic 
macrofossils occur in the Negaunee Iron Formation of 
Michigan (1.9 Gya; Schneider et al. 2002), but these and 
other specimens of similar age have been alternatively 
interpreted as composite microbial filaments (Samuelsson 
and Butterfield 2001). Recently, macrofossils possibly 
derived from multicellular eukaryotes were reported 
from the 2.1 Gya Francevillian B Formation of Gabon 
(Albani et al. 2010). The oldest uncontroversial eukaryotic 
macrofossils occur in the 1.6 Gya Vindhyan Supergroup 
of India (Kumar 1995), post-dating the earliest evidence 
for an increase in atmospheric oxygen by more than 
700 Mya—an interval longer than the entire animal fossil 
record. In sum, these observations suggest oxygen avail- 
ability played a role in triggering the initial evolution of 
macroscopic organisms. This scenario must be viewed 
cautiously, however, given the large uncertainties in the 
timing of size increase and the taxonomic affinities of these 
ancient fossils. 

The second step in maximum size, during the Ediacaran, 
Cambrian, and Ordovician periods (635-445 Mya), began 
essentially coincident with the second major oxygenation 

event (Fig. 1). Size increase began with the appearance of 
the taxonomically problematic Ediacaran organisms and 
continued during the Cambrian and Ordovician radiation of 
animals. The largest fossils from this interval all appear to 
be stem- or crown-group animals, but macroscopic algae 
also exhibit a trend toward larger size through Neoprote- 
rozoic time (Xiao and Dong 2006). During Cambrian and 
Ordovician time, numerous animal phyla independently 
achieved size orders of magnitude larger than any pre- 
Ediacaran fossils (Payne et al. 2009). Several recent studies 
have reported geochemical evidence for increased oxy- 
genation of seawater during the latest Neoproterozoic 
(Canfield et al. 2007; Fike et al. 2006; Scott et al. 2008), 
providing stronger support for an increase in oxygen 
availability at this time. Runnegar (1982) used the 
approaches of Raff and Raff (1970) and Alexander (1971) 
to calculate the minimum ambient oxygen concentrations 
required by Dickinsonia, a fiat, ovoid, segmented fossil of 
Ediacaran age (635-543 Mya). Due to its simple mor- 
phology and lack of any obvious gills, Dickinsonia pro- 
vides one of the more attractive opportunities to use 
organismal size as a constraint on oxygen availability. 
Assuming the organism was filled with muscle tissue, 
Runnegar calculated that larger individuals (~ 5 mm thick) 
would have had difficulty meeting their metabolic needs if 
acquiring oxygen by simple diffusion, even at modern 
oxygen levels. If, alternatively, Dickinsonia contained a 
circulatory system, then it would have required only about 
10% PAL (Runnegar 1982). This value may provide a 
minimum estimate of Ediacaran oxygen levels because 
Dickinsonia does not appear to have had any respiratory 
organ that would have increased its effective surface area. 
However, it is possible that Dickinsonia and other Ediac- 
aran organisms contained metabolically inert material 
surrounded by a thin layer of metabolically active cells, 
similar to living cnidarians (Norris 1989). If so, its effec- 
tive thickness may have been much less than 1 mm and its 
overall thickness may provide little constraint on ambient 
oxygen concentrations. Larger Cambrian animals used 
respiratory and circulatory systems, making quantification 
of the relationship between pO^ and maximum size more 
challenging. 

The temporal relationship between episodes of oxy- 
genation and size increases (Fig. 1) points toward oxygen 
as a contributing factor, but the taxonomic distribution of 
the pattern indicates that rising oxygen alone was not 
sufficient. The first increase in maximum size coincides 
with the appearance of fossils that were likely eukaryotes. 
Moreover, no prokaryote before or since has reached the 
size of early putative eukaryotes such as Grypania and 
Chuaria (Fig. lb). The second increase in maximum size 
occurred only among multicellular eukaryotes; no single- 
celled eukaryote has achieved the  sizes of the largest 
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Ediacaran and Cambrian organisms (Fig. lb). Thus, even if 
oxygen concentrations limited organismal sizes for long 
stretches of geological time, increases in structural com- 
plexity were also required for each stepwise increase in 
maximum size. Of course, these structural changes may 
also have required increased oxygen availability for other 
reasons (e.g., Acquisti et al. 2007)—potentially making 
oxygen both a proximate and ultimate control on the evo- 
lution of body size. Multicellular forms have evolved 
numerous times independently within the eukaryotes. The 
earliest multicellular form in the fossil record—a 1.2 Gya 
bangiophyte red alga (Butterfield 2000)—predates the 
increase in maximum size by 600 Mya. Consequently, the 
evolution of decimeter- to meter-scale organisms in mul- 
tiple animal clades during Ediacaran and Cambrian time 
suggests the removal of an environmental barrier, although 
ecological pressures favoring large size (and hard parts) in 
predators and prey and the evolution of more genetic reg- 
ulatory systems controlling tissue-grade organisms may 
also have been important factors (Knoll and Carroll 1999; 
Marshall 2006). Similarly, the later appearance of large 
vascular plants, during Devonian time (Fig. 1), suggests 
that the proximal barrier to large size was not oxygen 
availability but, rather, the biochemical and anatomical 
modifications associated with the production of wood. 

The post-Cambrian fossil record points toward a link 
between variation in atmospheric pC"2 and the evolution of 
body size in taxa as disparate as insects, mammals, and 
protists. For example, Carboniferous gigantism in several 
animal clades has been attributed to high oxygen concen- 
trations. In fact, prior to the geochemical modeling of 
Phanerozoic oxygen levels by Berner and colleagues 
(Berner 2004, 2006; Berner and Canfield 1989), Rutten 
(1966) argued that insect gigantism was the best evidence 
for high pC"2 during Carboniferous time. Later authors 
inverted the argument, using the geochemical model pre- 
dictions of high Carboniferous oxygen levels to argue for 
oxygen as a contributing cause of gigantism (Berner et al. 
2007; Dudley 1998; Graham et al. 1995). Flying insects are 
the most widely cited Late Paleozoic giants, particularly 
dragonflies (Protodonata) with wingspans reaching 70 cm 
(Carpenter 1960; Shear and Kukalova-Peck 1990) and 
mayflies reaching 45 cm (Kukalova-Peck 1985), but other 
lineages appear to have exhibited gigantism as well, such 
as meter-long arthropleurid arthropods (Rolfe and Ingham 
1967; Shear and Kukalova-Peck 1990) and marginal mar- 
ine eurypterids, which have left tracks up to a meter in 
width (Whyte 2005). Gigantism in marine animals may 
have been unusually widespread at this time as well; 
marine eurypterids also exhibit very large sizes (Braddy 
et al. 2008). In addition, Newell's (1949) examples of 
phyletic size increase in his classic paper on Cope's Rule 
draw largely on Late Paleozoic examples: foraminifera, 

bryozoans, echinoids, brachiopods, and rugose corals. 
Moreover, the sizes of the largest arthropods, mollusks, and 
chordates decline from the Carboniferous to the Permian, 
dramatically so in the arthropods, the group likely to have 
been most sensitive to oxygen concentrations for anatom- 
ical reasons (Payne et al. 2009). 

Despite widespread awareness of Late Paleozoic 
gigantism, there have been few attempts to determine 
whether organisms the size of Carboniferous giants would 
be prohibited at present-day oxygen levels or whether the 
magnitude of temporal variation in maximum size within 
the relevant taxa has been of the magnitude predicted by 
modeled changes in pO^. Okajima (2008) was the first to 
examine the link between insect size and oxygen concen- 
tration quantitatively through the Phanerozoic, using newly 
compiled data on the sizes of fossil dragonflies. She found 
that the variation in maximum size of dragonflies through 
time has been much greater than predicted by variation in 
atmospheric oxygen concentrations, assuming respiration 
via diffusion through tracheae, and assuming that the sizes 
of Carboniferous dragonflies represent an oxygen-limited 
maximum size. If oxygen limited maximum body size in 
the Carboniferous, it has not consistently done so during 
other periods. Alternatively, if oxygen is limiting in the 
modern, then anatomical or physiological differences must 
exist between the Protodonata and Odonata to explain the 
inability of the Odonata to achieve similarly large sizes. 
The latter interpretation is suggested by the fact that all of 
the largest Paleozoic specimens belong to the Protodonata; 
Paleozoic members of the Odonata exhibit sizes compa- 
rable to the largest in the Mesozoic and Cenozoic. Alter- 
natively, the simplifying assumption of oxygen diffusion 
through tracheae may be inaccurate; there is emerging 
evidence for active tracheal breathing in insects (Socha 
et al. 2008; Westneat et al. 2003). Okajima (2008) pro- 
posed still another alternative: although variation in oxygen 
may have contributed to size evolution, maximum size of 
Mesozoic and Cenozoic dragonflies was limited by eco- 
logical competition with flying vertebrates. A further pos- 
sibility, not examined by Okajima (2008), is that the trend 
in maximum size of fossils is poorly correlated with the 
true evolutionary pattern. Temporal variation in the quality 
of the insect fossil record (Labandiera 2005; Smith and 
Cook 2001) makes it difficult to determine the extent to 
which variation in maximum size in the fossil record 
reflects biological reality versus variation in the quality of 
available material. For example, the Carboniferous con- 
tains an unusually extensive record of the coastal marsh 
environments that may be most likely to house large 
insects. 

Carboniferous gigantism is the most widely cited link 
between oxygen and the evolution of animal size, but 
variation in oxygen levels may also have  significantly 
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influenced gigantism among marine invertebrates during 
the Late Ordovican, size reduction during the Permian- 
Triassic transition, size increase during the Cenozoic 
radiation of mammals, and Cenozoic size variation in deep- 
sea benthic foraminifera. 

Late Ordovician faunas in tropical carbonate environ- 
ments are widely known for exceptionally large inverte- 
brates, including the largest ever trilobite (Rudkin et al. 
2003), orthocone cephalopod (Teichert and Kummel 1960), 
Paleozoic gastropod (Rohr and Blodgett 1992), and con- 
spicuously large brachiopods and other marine inverte- 
brates (Jin 2001; Nelson 1959). [It should be noted that our 
prior documentation of the size of this cephalopod speci- 
men (Payne et al. 2009) contained an error, which is cor- 
rected in Fig. 1 with biovolume of 8.4 log mm3.] The 
causes of widespread gigantism at this time are unclear. 
Oxygen levels may have been increasing at this time, but it 
has not be reconstructed as an interval of unusually high 
p02 (Berner 2006). 

Increased oxygen availability may have facilitated the 
radiation of mammals by enabling higher metabolic rates as 
well as larger sizes. As indicated in Eqs. 1 and 2 and Fig. 3, 
increased oxygen availability enables higher metabolic rate 
at any given size. The mass-specific metabolic rates of 
birds and mammals are three to six times those of reptiles 
(Else and Hulbert 1981). Thus, the Mesozoic evolution of 
birds and mammals and the subsequent Eocene diversifica- 
tion of large placental mammals may have been facilitated 
by a doubling of atmospheric oxygen levels from the 
Jurassic to the Recent (Falkowski et al. 2005). 

Although oxygen concentrations on land and in the 
mixed layer of the surface ocean are largely determined by 
bulk atmospheric concentrations, oceanographic factors 
can produce substantial marine oxygen gradients in space 
and time that are decoupled from atmospheric variations. 
Kaiho (1998) examined temporal variation in the maxi- 
mum size of trochospiral, deep-sea benthic foraminifera 
over the past 120 Mya, using material from several drill- 
cores. He found that minima and maxima in the history of 
foraminiferan size corresponded to minima and maxima in 
the oxygen isotope composition of seawater—a proxy for 
paleotemperature. He postulated that this link reflected 
climatically driven variation in dissolved oxygen concen- 
tration in the deep sea. 

Body size reduction within lineages and across higher 
taxa is associated with episodes of mass extinction and 
ocean anoxia. In the case of the end-Permian mass 
extinction—the most severe biotic crisis of the Phanerozoic 
(Raup and Sepkoski 1982)—extinction and size reduction 
have been attributed, at least in part, to marine anoxia and 
rapid reduction in atmospheric oxygen concentrations 
(Huey and Ward 2005; Knoll et al. 2007; Retallack et al. 
2003; Wignall and Hallam 1992; Wignall and Twitchett 

1996). In particular, reduction in maximum size among 
marine gastropods as a whole and within some bivalve, 
gastropod, and brachiopod lineages has been attributed at 
least in part to oxygen stress (Fraiser and Bottjer 2004; 
Payne 2005; Twitchett 2007). Reduction in burrow diam- 
eters in sedimentary rocks following the end-Triassic mass 
extinction has similarly been ascribed to marine anoxia 
(Barras and Twitchett 2007; Twitchett and Barras 2004). 
Payne (2005) found that although the end-Permian 
extinction event did not show obvious evidence of size bias 
across the full spectrum of gastropod size, the reduction in 
maximum size was too large to be explained by the 
reduction in diversity alone. Other studies have not 
addressed this issue statistically. Moreover, it remains 
unclear whether oxygen stress was more important than 
other coeval environmental and ecological factors such as 
reduced predation pressure (Payne 2005) or decreased 
primary productivity (He et al. 2010). 

Discussion 

Although oxygen is not strictly necessary for the evolution 
of macroscopic life, the high growth efficiency allowed by 
aerobic respiration and the coincidence of step-wise 
increases in life's maximum size with increases in atmo- 
spheric oxygen concentrations (Fig. 1) strongly suggest 
that oxygen availability has in fact limited maximum size 
for long intervals of Earth history. 

Has variation in Earth's atmospheric oxygen concen- 
tration further influenced size evolution, beyond con- 
straining tissue thickness and the geometry of distributary 
networks? Despite the wide range of scales at which the 
problem has been examined, the answer remains unclear. 
Oxygen deprivation should limit size in anatomically 
simple organisms and does so in experimental settings even 
for anatomically complex bilaterian animals (Table 1). On 
the other hand, oxygen availability is inversely correlated 
with vegetative growth rate in algae and plants. Thus, 
above a threshold value well below modern values, 
increased oxygen availability appears to lead to size 
increase primarily in aerobic heterotrophs. However, only a 
few comparative biological studies provide quantitative 
evidence for oxygen as a control on maximum size within 
diverse animal clades (Chapelle and Peck 1999, 2004; 
Kaiser et al. 2007; McClain and Rex 2001). Evidence from 
the fossil record remains largely qualitative, with the few 
exceptions enumerated above. Moreover, recent study of 
fossil dragonflies suggests that one of the most famous 
examples of animal gigantism cannot be explained solely 
by variation in oxygen (Okajima 2008). 

Differences in taxonomic and temporal scale make it 
exceedingly  difficult to make quantitative  links  across 

4Q Springer 



Photosynth Res 

theory, experimental biology, comparative biology, and 
paleobiology. Theoretical predictions are difficult to apply 
to living animals because of the wide range of morpho- 
logical and physiological mechanisms that animals use to 
compensate for variation in oxygen concentration. Conse- 
quently, we lack a predictive model for the maximum size 
of morphologically complex animals as a function of 
oxygen concentration. Laboratory findings that hypoxia has 
a much greater influence on size than hyperoxia could be 
read to suggest a non-linear relationship between oxygen 
and body size with an optimum value for large size near 
modern oxygen levels, but are perhaps more likely to 
reflect an asymmetric need for developmental plasticity 
due to the prevalence of hypoxia but not hyperoxia in 
nature. Correlation between oxygen levels and size in field 
studies is often complicated by covariation of oxygen with 
variables such as temperature or food availability, not to 
mention co-occurring species. Modern oxygen gradients 
cannot fully mimic the variation in selective pressures 
associated with temporal variation in atmospheric pC^ and 
provide no analog for historical hyperoxia. Moreover, there 
may be hysteresis in the evolutionary response to variation 
in oxygen concentration. For example, if size increase is 
made possible by an evolutionary novelty that is difficult or 
impossible to reverse (e.g., metazoan multicellularity), then 
the response to subsequent decrease in oxygen availability 
is unlikely to be symmetrical with the initial response to 
oxygen increase. Threshold transitions in the allometric 
scaling of metabolic rate with size (DeLong et al. 2010; 
Mori et al. 2010) may be indicative of such hysteresis or 
ratcheting. 

In contrast to animals and benthic protists, there is little 
evidence that the details of size evolution in vascular plants 
and algae can be explained by variation in atmospheric 
oxygen levels beyond the constraints lifted when oxygen 
first accumulated in the atmosphere and when it first 
exceeded a threshold value near 10% PAL. First, vascular 
plants achieve large size primarily through the production 
of wood, which is not metabolically active. Secondly, 
metabolically active cells are maintained near the outer 
surface of the plant (e.g., leaves), where they can be sup- 
plied with oxygen and carbon dioxide via diffusion through 
stomata. Third, the competition between CO2 and O2 for 
RUBISCO results in an inhibition of growth by high 
O2CO2, suggesting that higher oxygen levels would, if 
anything, increase the cost of growth to large size (Raven 
1991). Fourth, maximum height in vascular plants appears 
to be limited by hydraulic and possibly mechanical factors, 
rather than by metabolic and nutrient demands (Niklas 
2007; Ryan and Yoder 1997). These anatomical and 
physiological constraints are consistent with biogeographic 
data showing that kelp are environmentally constrained by 
nutrient   availability   rather   than   oxygen   concentration 

(Graham et al. 2007) and fossil data indicating that the size 
evolution of dinoflagellates and diatoms has responded 
most strongly to rates of nutrient upwelling into surface 
waters rather than to oxygen availability (Finkel et al. 
2005, 2007; Schmidt et al. 2004). 

The challenges enumerated above are in many ways 
inherent to any interdisciplinary problem in the Earth and 
life sciences because experimental and field observations 
must be extrapolated across vast spatial and temporal 
scales, whereas the fossil record often contains little or no 
information constraining potentially important variables. 
That said, the findings emerging at all scales of investi- 
gation into the role of oxygen in size evolution suggest that 
more integrated efforts could yield important new insights 
using techniques and data already available. Below we 
outline what we believe may be the most fruitful lines of 
inquiry. This is intended to be a representative list, not an 
exhaustive one. 

1. Despite decades of speculation, there remains little 
systematic analysis of size evolution in the fossil 
record with respect to oxygen history. The examples of 
Carboniferous gigantism are undoubtedly real—coun- 
terexamples would certainly have come forth by now. 
However, Okajima's (2008) recent study represents the 
only systematic examination of size data with respect 
to oxygen for a clade with a late Paleozoic maximum 
in size. Similar analyses for other taxa are critical. It 
remains unknown not only whether size variation in 
other clades is over- or under-predicted by variation in 
atmospheric oxygen but also whether other clades 
exhibit gigantism during intervals not characterized by 
high p02- Until such studies are conducted, it will 
remain unclear whether the widely cited examples of 
Carboniferous and Permian gigantism represent selec- 
tion bias or whether gigantism was truly more common 
during the time of Earth's highest oxygen levels. The 
fossil record is replete with diverse and well-fossilized 
clades; such analyses are well within the scope of the 
size data included implicitly or explicitly in the 
taxonomic literature. 

2. Although prediction of maximum (or optimum) size 
from first principles alone is likely impossible in light 
of the anatomical and physiological complexity of 
animals, several lines of empirical research could 
improve our understanding of the role of oxygen in the 
evolution of body size. Work on amphipods by 
Chapelle and Peck (1999, 2004) highlights several 
potential avenues for future research. First, it remains 
unknown whether other clades exhibit a similarly 
strong relationship between size quantiles and oxygen 
availability. Are such relationships common in other 
arthropod clades? Among animals more generally? 
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Constraints on the prevalence of such relationships, or 
lack thereof, would greatly aid our understanding of 
the extent to which oxygen availability governs size 
distributions in animals. If such relationships are 
common in some higher taxa but not others, compar- 
ative analyses may shed light on the anatomical, 
physiological, or ecological factors that determine the 
importance of oxygen in the evolution of size. Such 
data could even be applied to analysis of fossil data. 
Given an empirically determined relationship between 
oxygen availability and maximum size, one could then 
assess the extent to which temporal variation in size 
matches predictions based on spatial variation among 
living species. Over- or under-prediction of size 
change relative to past oxygen concentrations could 
even shed light on additional factors governing size 
evolution. Unfortunately, amphipods likely have too 
poor a fossil record for such an exercise, but other 
diverse higher taxa with good fossil records may 
present opportunities. Bivalves, gastropods, and 
ostracods are likely among the best candidates. 

3. The observed scaling of the entire size distribution 
with oxygen availability in amphipods further high- 
lights a shortcoming of previous theoretical work on 
the size-oxygen relationship: all theoretical work has 
focused on oxygen as a factor limiting maximum size. 
Size distributions among species within higher taxa are 
widely thought to be determined by energetic consid- 
erations and mortality schedules (Brown et al. 1993; 
Hallock 1985; Sebens 2002). As oxygen availability 
can affect both efficiency and rate of growth (Ower- 
kowicz et al. 2009), variation in oxygen availability 
should affect selection across the size spectrum, not 
simply at the maximum. For example, time-dependent 
risk of death due to predation or disease tends to select 
against large size because of the time required to grow 
larger prior to reproduction. An increase in growth 
efficiency due to increased oxygen availability could 
allow an organism to achieve larger size without the 
trade-off of waiting longer prior to reproduction. 
Figure 4 illustrates a schematic example of how an 
effect of oxygen on the efficiency of energy intake as a 
function of body mass could affect fitness across the 
size spectrum. Higher oxygen concentrations also 
come with a cost of increased oxidative damage. 
Any complete assessment of the precise effects of 
variation in oxygen levels on the evolution of body 
size would take these into account as well. However, 
the ability of many animals to grow normally under 
experimental conditions of extremely high pC<2 (e.g., 
Herman and Ingermann 1996; Metcalfe et al. 1981; 
Stock et al. 1983) suggests that the stress of oxidative 
damage   is   comparatively   minor,    at   least   over 
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Fig. 4 Schematic illustration of how variation in atmospheric oxygen 
concentrations could affect energetically determined minimum, opti- 
mum, and maximum sizes. In this case, cost is assumed to be a linear 
function of mass, whereas intake is assumed to scale allometrically 
with mass with a scaling exponent less than one. Optimum size is 
assumed to occur where energy surplus is maximized. The range of 
viable sizes is assumed to span those sizes where an energy surplus 
occurs. Assuming a proportional increase in intake under high oxygen 
causes an increase in both optimum and maximum size. Such a pattern 
is consistent with the observations of Chapelle and Peck (2004) for 
amphipods. Varying cost as a function of oxygen concentration rather 
than intake yields qualitatively similar results, a Energy intake and 
energy cost as a function of body mass, b Energy surplus as a function 
of mass 

experimental timescales. Of course, any change in 
oxygen availability will occur for all organisms within 
an ecosystem. Consequently, factors allowing for size 
increase at higher oxygen levels may be offset by 
ecological interactions with other similarly affected 
organisms, either through increased competition for 
resources or through increased predation pressure on 
prey species. On the other hand, the strong circum- 
stantial evidence for oxygen as an important control on 
size evolution in the fossil record suggests its effects 
are expressed despite the many additional ecological 
factors influencing size evolution. 
Systematic experimentation across taxa differing in 
anatomy and physiology can help to clarify which 
anatomical and physiological characteristics are most 
likely to lead to a relationship between oxygen and 
body size. Extrapolation of experimental findings to 
evolutionary timescales is difficult because experi- 
mental systems cannot capture the effects of ecological 
selection pressures on body size or phenotypic vari- 
ability introduced by new mutations. However, they 
can provide additional insight through comparative 
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analysis among taxa. Experiments on taxa for which 
relevant field observations also exist, such as the 
amphipods, could even be used to test the extent to 
which size responses in the laboratory can be extrap- 
olated. Such comparisons could potentially help to 
calibrate an empirical relationship between ecopheno- 
typic and evolutionary response to variation in oxygen 
availability. 

5. Experimental work suggests that the relationship 
between oxygen availability and size evolution is 
much more complex for oxygenic photoautotrophs 
than for aerobic heterotrophs and that high C^COz 
negatively impacts growth at modern pOg. However, 
there are few fossil data sets and no experimental data 
for the clades of vascular plants that were most diverse 
and abundant through the majority of Phanerozoic 
time. Basic observations are still required to better 
understand the interactions between O2, CO2, and plant 
anatomy in governing the evolution of maximum size. 

6. Experiments suggest that size reduction may be more 
easily achieved during oxygen decrease than size 
increase during oxygen increase. As there is likely 
stronger selective pressure on taxa for ecophenotypic 
responses to oxygen deprivation than to oxygen 
surplus, simply because oxygen deprivation occurs 
more commonly in nature, it is possible that most taxa 
can respond more quickly to reduction in oxygen 
availability over evolutionary time. Of course, the 
response times for size increase and decrease may be 
shorter than the temporal resolution of the fossil record 
or the rate of change in pO^ but such a potential 
asymmetry in evolutionary pattern may warrant a 
careful search for appropriate study organisms. More- 
over, hysteresis in the evolutionary response may 
extend beyond asymmetry in phenotypic plasticity to 
size thresholds requiring the gain or loss of a key 
innovation such as a respiratory organ or circulatory 
system. Parasites may provide interesting test cases 
because many lineages are much larger than their free- 
living relatives (A. Curis, pers. comm. 2010) and 
parasites occur in unique microenvironments where O2 
availability may differ substantially from the surround- 
ing environment. 

Conclusions 

Eons and eras are demarcated on the basis of evolutionary 
events. Among these, the Archean-Proterozoic (2.5 Gya), 
Proterozoic-Phanerozoic (543 My a), and Paleozoic- 
Mesozoic (252 Mya) transitions have long been recognized 
as among the most significant, in part on account of the 

major changes in maximum body size occurring during or 
after these events. The evidence we have now points to 
change in atmospheric oxygen as a major cause of these 
size changes. This possibility has been appreciated for at 
least half a century, but quantitative support has grown 
rapidly in recent years and now derives from a wide 
spectrum of disciplines, including physical chemistry, 
geochemistry, cell and developmental biology, physiology, 
ecology, and paleontology. The case is still somewhat 
uncertain, of course; and other factors were doubtless 
involved. 

Future work in experimental and comparative biology 
holds the potential to provide better quantitative models of 
the potential influence of oxygen on size evolution. When 
applied to the fossil record, these models may shed light on 
the extent to which size evolution in different clades and at 
different times can be ascribed to the influence of variation 
in atmospheric oxygen levels versus other environmental 
and ecological factors. 
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